Of the two PP1 isoforms in fission yeast, Dis2 and Sds21, only Dis2 has the potential for 47 inhibition by CDKs through phosphorylation of its Thr316 residue (Fig. 1a) 8,9 . Purified S. 48 pombe Cdk9 phosphorylated Dis2 but not Sds21 in vitro (Fig. 1b) ; labeling was 49 diminished by a T316A mutation changing Thr316 to alanine, but not by a Dis2-50 inactivating mutation 10 . Moreover, treatment of asynchronously growing cdk9 as but not 51 cdk9 + cells with the bulky adenine analogue 3-MB-PP1, a selective inhibitor of AS 52 Cdk9 11 , decreased Thr316 phosphorylation of chromatin-associated Dis2 (Fig. 1c) , 53
extracts, analogue-sensitive (AS) Cdk9 modifies two isoforms of PP1, PP1β and PP1γ, 45 on conserved, carboxy-terminal sites analogous to the PP1α residue labeled by Cdk1 3, 7 . 46
Of the two PP1 isoforms in fission yeast, Dis2 and Sds21, only Dis2 has the potential for 47 inhibition by CDKs through phosphorylation of its Thr316 residue (Fig. 1a ) 8, 9 . Purified S. 48 pombe Cdk9 phosphorylated Dis2 but not Sds21 in vitro (Fig. 1b) ; labeling was 49 diminished by a T316A mutation changing Thr316 to alanine, but not by a Dis2-50 inactivating mutation 10 . Moreover, treatment of asynchronously growing cdk9 as but not 51
cdk9
+ cells with the bulky adenine analogue 3-MB-PP1, a selective inhibitor of AS 52
Cdk9
11 , decreased Thr316 phosphorylation of chromatin-associated Dis2 (Fig. 1c) , 53
indicating that Dis2 is indeed regulated by Cdk9 in vivo. 54
The previously identified target of fission yeast Cdk9 is Thr1 in the CTD 55 nonapeptide repeat T 1 P 2 A 3 W 4 N 5 S 6 G 7 S 8 K 9 of Spt5 12, 13 . A phosphopeptide containing this 56 sequence was dephosphorylated by PP1s purified from bacteria ( Fig. 1d ) or isolated 57 from S. pombe (Fig. 1e , Extended Data Fig. 1 ). We recovered similar amounts of Dis2 58 by immunoprecipitation from dis2 + and dis2-11 cold-sensitive mutant cell extracts, but 59 detected activity only in the former, consistent with the previous observation that the 60 enzyme encoded by dis2-11 has diminished activity even at permissive temperatures 10 . 61
Finally, the amount of Dis2 we recovered from sds21Δ cells was similar to that from wild-62 type or dis2-11 cells, but its activity was reduced, possibly suggesting a contribution by 63 Sds21 to Dis2 activation. Together, these results indicate that Dis2 is a target of 64 negative regulation by Cdk9 and a potential Spt5 phosphatase-an arrangement that 65 predicts switch-like responses of pSpt5 to fluctuations in Cdk9 activity in vivo (Fig. 1f) . 66
Consistent with this prediction, pSpt5 was rapidly lost after 3-MB-PP1 addition to 67 exponentially growing cdk9 as cells (T 1/2 ≈ 20 sec) (Fig. 2a , and accompanying paper by 68
Booth et al.). A comparison of Spt5 dephosphorylation kinetics after Cdk9 inhibition in 69

dis2
+ versus dis2-11 cells revealed an ~2-fold decrease in the dephosphorylation rate 70 due to the dis2-11 mutation at a permissive temperature of 30°C, and an ~4-fold 71 decrease in cdk9 as dis2-11 cells shifted to 18°C prior to 3-MB-PP1 addition (Fig. 2a, 72 Extended Data Fig. 2a) . Rapid decay at 18°C was restored by ectopic expression of 73 active Dis2 in dis2-11 cells (Fig. 2b) . These results indicate that pSpt5 turnover is 74 dependent on Dis2 activity in vivo. 75
Inhibition of the Cdk12 orthologue Lsk1 by 3-MB-PP1 treatment of lsk1 as cells 11 76 had no effect on pSpt5 (Extended Data Fig. 2b ) but rapidly diminished phosphorylation 77 on Ser2 (pS2) of the Pol II CTD heptad repeat Y 1 S 2 P 3 T 4 S 5 P 6 S 7 . This mark became 78 refractory to Lsk1 inhibition at 37°C in cells that harbored a temperature-sensitive 79 mutation in fcp1 14 , which encodes a conserved pS2-specific phosphatase 15, 16 (Fig. 2c) . 80
The rate of pS2 decay in lsk1 as cells was unaffected by the dis2-11 mutation (Extended 81
Data Fig. 2c ) and, conversely, Fcp1 inactivation had no effect on pSpt5 stability in cdk9 as 82 strains (Extended Data Fig. 2d ). Therefore, orthogonal CDK-phosphatase pairs govern 83 pS2 and pSpt5, possibly to allow independent regulation of the two modifications, both of 84 which are implicated in transcription elongation 17 . 85
Dis2 also influences pSpt5 turnover on chromatin; by ChIP-quantitative PCR 86 (ChIP-qPCR) analysis, pSpt5 became nearly undetectable on eng1 + and aro1 + genes 87 within 2 min of 3-MB-PP1 addition to cdk9 as dis2 + cells (Fig. 2d , Extended Data Fig. 3a,  88 b), but persisted in cdk9 as dis2-11 cells at 18°C (Fig. 2e , Extended Data Fig. 3c, d ). Cdk9 89 inhibition stimulated GFP-Dis2 recruitment to regions where pSpt5 was stabilized by 90 Dis2 inactivation (Fig. 2f) Fig. 2h to 2g, Extended Data Fig. 4c to 4b ). The 103 relative increases in chromatin-associated pSpt5 in dis2-11 and dis2∆ cells at 30°C 104 correlated with the degree of bulk pSpt5 stabilization after Cdk9 inactivation (Fig. 2a,  105 Extended Data Fig. 5a ). We suspect that dis2-11 is more severely affected than dis2Δ 106 because loss of Dis2 protein allows more effective compensation by other phosphatases 107 such as Sds21. An sds21Δ mutation, however, did not delay pSpt5 decay, and Cdk9 108 inhibition did not increase chromatin recruitment of Sds21 (Extended Data Fig. 4d, 5b) , 109
indicating that, in wild-type cells, Dis2 is the major PP1 isoform that regulates pSpt5 in 110 opposition to Cdk9. 111
In the accompanying paper, PRO-seq analysis uncovered a rate-limiting role for 112 Cdk9 in Pol II elongation (Booth et al.) . That function is likely to depend on Spt5, 113 depletion of which slowed elongation and caused Pol II accumulation in upstream gene 114 regions in fission yeast 20 , and disrupted coupling between 3'-processing and termination 115 in budding yeast 21 . In ChIP-seq analysis, we detected total Spt5 and pSpt5 in the bodies 116 of Pol II-transcribed genes (Fig. 3a) , with the phosphorylated form accumulating further 117 downstream of the transcription start site (TSS) (Fig. 3b) . The patterns diverged again 118 downstream of the CPS; a 3' peak of apparently unphosphorylated Spt5 is prominent in 119 metagene profiles (Fig. 3c ) and individual gene tracks (Fig. 3d) , and correlates with a 120 peak of paused, Ser2-phosphorylated Pol II detected by Winston and co-workers 20 121 (Extended Data Fig. 6a-f) . 122
The Spt5-Myc metagene profile features a V-shaped depression centered just 123 upstream of the CPS (Fig. 3c) , which is also seen in the Pol II pattern derived from 124 published ChIP-seq data 20 (Extended Data Fig. 6c (Fig. 3e, Extended Data Fig. 7) . 135
We next performed PRO-seq analysis 6 to uncover effects of Dis2 inactivation on 136 the distribution of transcriptionally engaged Pol II (Fig. 4, Extended Data Fig. 8 (Fig. 4a) . Metagene analysis of PRO-seq data 142 (Fig. 4b, c, Extended Data Fig. 9a, b) revealed pleiotropic effects of the dis2-11 143 mutation: 1) attenuated pausing in promoter-proximal regions 5 ; 2) decreased density of 144 transcribing Pol II throughout gene bodies; and 3) increased transcription beyond the 145 CPS, both in absolute terms and relative to transcription of upstream regions. All three 146 defects were apparent at both 18°C and 30°C, indicating that the effects of Dis2 147 inactivation on Pol II distribution are constitutive. Loss of viability occurs only at low 148 temperatures, however, and is likely due in part to inappropriate persistence of pSpt5 149 (Fig. 2a) , as suggested by the partial rescue achieved with the spt5-(T1A) 7 mutation (Fig.  150   3e) . 151
To quantify termination defects due to Dis2 impairment, we defined two metrics 152 based on PRO-seq read distribution: Termination Index (T.I.), the ratio of signals in the 153 regions 500 bp downstream and upstream of the CPS; and Termination Elongation 154 Index (T.E.I.), the signal ratio in the regions 250-750 bp downstream and 500 bp 155 upstream of the CPS (Fig. 4d) . The dis2-11 mutation caused statistically significant 156 increases in T.I. in cdk9 + cells, and in T.E.I. in both cdk9 + and cdk9 as backgrounds (Fig.  157 4e). A heatmap analysis of genes ranked by T.E.I. revealed termination-zone expansion 158 consistent with decreased termination efficiency upon loss of Dis2 function (Fig. 4f,  159 Extended Data Fig. 9c ). In the accompanying paper, Booth et al. show that Cdk9 160 inhibition has the opposite effect-decreasing both T.I. and T.E.I.-consistent with 161 functional antagonism between the kinase and phosphatase. 162
Recent studies suggest an ordered series of events at 3'-ends of protein-coding 163 genes: 1) slowing of elongation, 2) increased pS2 as a consequence of this pause, 3) 164 cleavage and polyadenylation factor (CPF) recruitment to the pS2-containing CTD, 4) 165 CPF-dependent cleavage and 5) termination facilitated by the 5'à3' exoribonuclease 166 XRN2/Rat1 2, 3, 21, 24, 25 . This sequence can be initiated ectopically by a block to transcription 167 imposed in cis 2 , and pS2 is elevated in 5' gene regions by mutations that decrease the 168 intrinsic elongation rate of Pol II 26 , but a physiologic trigger remains unknown. Both Spt5 169 and PP1 are implicated in this transition-the former as a regulator of Pol II processivity 170 and rate 20, 21, 27 , the latter as a CPF component 28, 29 . We now show that Spt5 and the PP1 171 protein phosphatase activity, PP1 isoforms (GST-Dis2 or GST-Sds21) purified from E. 301 coli (2 µg) or immunoprecipitated from fission yeast extracts (4 mg total protein) were 302 incubated with 50 µM peptide (Spt5-NP, Spt5-pT1 or H3pS10) at 37°C for 1 h. 303
Colorimetric assays were performed in triplicate using BioMOL Green (Enzo Life 304 Sciences, BML-AK111) in 25 mM HEPES (pH 7.5), 100 mM NaCl, 1 mM MnCl 2 and 1 305 mM DTT, in 96-well plates as described in manufacturer's protocol. replicates of each sample, converted into bigwig using "Wig/BedGraph-to-bigWig 337 converter" (Galaxy Version 1.1.0) and processed using computeMatrix (Galaxy Version 338 2.3.6.0) in DeepTools 39 to prepare data for plotting a heatmap and/ or a profile of given 339 regions. Heatmap and Metagene plots were generated using "plotHeatmap" (Galaxy 340 Version 2.5.0.0) and "plotProfile" (Galaxy Version 2.5.0.0) tools, respectively. 341 342 PRO-seq. For PRO-seq analysis, all samples, with the exception of the wild-type (wt) 343 strain (prepared separately), were prepared simultaneously and in biological replicates. 344 A detailed description of PRO-seq libraries can be found in the methods of the 345 accompanying manuscript (Booth et al.) . Briefly, biological replicates for each strain 346 were derived from separately picked colonies. Cultures were grown in YES medium at 347 30°C overnight and diluted to an OD 600 = 0.2. After reaching OD 600 ≈ 0.5, an equal 348 number of cells (based on OD) was set aside for all treatments (~10 ml culture). At this 349 point, a fixed amount of thawed S. cerevisiae (50 µl, OD = 0.68) was spiked into each 350 sample. Cells were spun down and resuspended in fresh YES medium, pre-conditioned 351 at the desired temperature (30°C or 18°C) and allowed to incubate for 10 min. Samples 352 were immediately spun down at 4 °C and subjected to permeabilization and library 353 preparation as described by Booth et al., Dis2 activity is dispensable for Pol II CTD Ser2 dephosphorylation. As in Fig. 2a except  516 that experiment was performed in lsk1 as cells, 20 µM 3-MB-PP1 was added, and extracts 517 were probed for phosphorylation of the Ser2 position of the Rpb1 CTD (or tubulin as a 518 loading control). d, Fcp1 activity is dispensable for Spt5 Thr1 dephosphorylation. As in 519 Cdk9 inhibition (raw data for phospho-and total Spt5 from which ratios in Fig. 2d were 525 calculated). b, ChIP-qPCR analysis of phospho-versus total Spt5 crosslinking at the 526 dis2-11 cells were shifted to 18°C and treated with 10 µM 3-MB-PP1 or mock-treated 531 with DMSO for 2 min and subjected to ChIP-qPCR analysis at the eng1 + locus for pSpt5 532 and Spt5-Myc (raw data for phospho-and total Spt5 from which ratios in Fig. 2e were 533 calculated). Each panel represents data from filtered genes that are at least 1 kb from neighboring 586 genes on the same strand (n = 919). b, Composite PRO-seq profiles comparing a dis2 + 587 strain (cdk9 as ) with the dis2-11 strain, both at 18°C. Genes were scaled to a common 588 length by fixing the middle gene body (TSS + 300 bp to CPS -300 bp) region to 60 589 windows. c, Heat maps of spike-in normalized PRO-seq signal (log 10 ) within 10 bp 590 windows relative to the CPS (-250 to +1000) for cdk9 as (left) and cdk9 as dis2-11 (right) 591 strains at 18°C. Genes were ranked by decreasing T.E.I. in cdk9 as dis2-11 at 18°C, a 592 measure of termination-window size. 593 594
